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"Research in Stellar Spectroscopy"

S-This research covered by this grant to Dr. Edwin F. Carpenter, was delayed

i in completion due to the death of Dr. Carpenter. The project has been completed

by Dr. A. B. Neinel.

I he project involved the modification of the Carpenter nebular spectro-

graph to permit a wide range of applications, and its use in research on

galaxies and faint stars. It also involved partial support for the construction A

of a stellar spectrograph for the Cassegrain focus of the 36-inch Steward tele-

scope. All .hases of this project have been completed.

'I One of the major tasks was the rebuilding of the instrument to use glass

plates instead of film. Filti emulsions are generally slower than those avail-

able on glass plates; moreover, the minimum order for film is quite expensive.

In order to modify the camera for plate use, it was necessary to install a

field flattening lens and move the Schmidt plate 1/2 inch closer to the

camera mirror.

Fig. 1 shows the modified plate holder system. The field lens is fixed

to the focus slide and not to the plate holder itself.

T IRe-allignment of the spectrograph is a tedious i..b. The test setup is

shown in Figs. 3a and 3b. A test len6 forms a star image on the slit of the

fJ I spectrograph. The camera then focuses this image on the photographic plate

(the grating is removed during this test). A 40X microscope is used to Ox-

amine the image viewed on the raw emulsion,

i The instrumentation has proven to have a higher optical resolutiont than

anticipated. The spectrum of molecular hydrogen using the rebuilt nebular

spectrograph is shown in Fig. 4.
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Ihe instruments have been used for two Ph.D. dissertations to date; one

by A. Aveni on the spectra of T-Tauri stars and a second by E. hoore on the

stellar content of galaxies. Ihey have also been heavily used by the staff

for studies of emission regions (Dr. Lynds), and IIK standard stars (Meinel).

The material will appear in publication form in the near future. A publicq-2

tion text by A. Aveni is attached. A typical plate format for stellar ob-

servations is shown in Pig. 6.

I I The nebulat spectrograph has played an important role in opening up a

_ ~ new field of revearcb. Since it is relatively portable, the instrument was

loaned to Dr. Bashkin for the iniutial experiments with the spectra emitted by

fast ions from nuclear accelerators. This woriz has been highly successful

and numerous publications have resulted from the discovery made using this

spectrograph. Fig. 2 shows a spectrum of nitrogen taKen with this spectro-

graph. A microdensitometer tracing of this spectrum with identifications is

shown in Fig. 5.

The work planned by Dr. Carpenter, on the spectra of faint inter-

I�ccnnections between galaxies, had only been started at his death. No further

work has been done in this area due to pressures of other requirements. We

hope, however, that this area of study will be followed in dissertation

research in the near future.

In conclusion, we would like to express our appreciation for the very

substantial assistante that the office of Naval Research has given us. We 4

expect to see this assistance materialize in the form of many dissertations

T and publications in the following years.

I!
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The Effect of Line Emission Upon the B-V Colors of T Tauri Objects*

Anthony F. Aveni-'.-

Steward Observatory, University of Arizona, Tucson, Arizona

Ab, ýruc tII Abuvrc

A method has been develop-4 d to determine the influence of line omission

upon the UBV colors of the T Tauri objects T Tau and RW Aur. Calibrated

spectra of th se objects were obtained using the Steward Observatory 36-inch

- Iesc end the Carpenter F 0.8 i.ebular spectrograph,-recently rebuilt for

%ase witb glass plates with the assistance of ONR grant number Nonr(G)-00045-

62. These spectro were corzected for instrumental and atmospheric effects

and two colors were computed from microdensitometer traces of each srectrum:

1.) the continuum color devoid of emission lines, and 2) the color including

emission lines. The latter color can then be directly compared to the ob-

served photometric color. Comparison of the observed R-V colors with the

computed B-V shows good agreement, indicating that the photographic correc-

tions were properly assessed. The difference of the colors obtained for the

continum, (B-V)c, and the continuum plus _-ine emission, (B-V)cl, shows
44--

apparent variations between Cm.07 and em 14 and T Tau and between Cm 6 and

Oml5 for RW Aur, with sone dependence upon continuum color. The line

emission parameter shifts the p~sition of both stars to the right in the

log L/Lo, log Te diagram; this can be interpreted as a ccrrection to the

contraction age of up to 20Z.

- This method of computing colors for emission is demonstrated to be

more accurate than chat of Smak (1964) who uses photometry only, The. Zethod

employed in the present study is, however, quite laborious due to the prob-

• lems introduced by the non-linearities of the pho-ographic process.

Since unresolved line emission is almost certain to be present in the

spectra, the cmission line correction is to bn regarded only as a lower
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! I limit. The B region, for example, covers a portion of the spectrum where

many metal lines occur, so a contrib,'tion of these lines would make the

corrected B-V color determined in this study still too blue.

h•e previous spectral type assigned to both stars is M5Ve, though

estimates have ranged from GO to K2. From the intensity distribution of

I the continuum the types F7-KO are assigned to T Tau, FO-G8 to RIU. Aur. This

variation appears to be larger than the error of measurement and probably

indicates a real variation of the stellar ccntinuum.
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I. Introduction

MTe principal aim of this research has been to interpret the effect of

line emission upon the B-V colors of T 'auri objects. The program is intended

to determine (a) the "emiz:sion-tracks", as contrasted to the reddeni..g or

blanketing tracks in the case of absorption effects, in the UBV diagram and

(b) the energy distribution in the continuum after correction for the pres-

ence of emission. Vie spectral types of the T Tauri class are generally re-

-• garded to be of types GO-K5. One should therefore find that the corrected

"continua agree with the absolute energy distribution curves for main-sequence

stars as published by Code (1960).

The question of the effect of line emission upon UBV colors has been

investigated in the past by Varsavsky (1960) and -ore recently by Smak (1964).

-- Varsavsky compared his measurements of the B-V color of several T Tauri

variables with Joy's (194V.) spectral types for these stars. He found that

for a given effective temperature as determined from spectral type, the B-V

color is up to Or.8 bluer than ti-at for main sequence stars of the same spectral

type. Varsavsky proposed that at least part of the discrepancy between the

Teff vs B-V relationship for late type mai,. sequence stars and T Tau variables

is due to the influence of emission lines upon the continuous spectra of the

latter. It should be pointed out that the spectra of these stars are very

difficult to clastify owing to the multitude of emission lines which overlie

the diffuse absorption features. Furthermore, there is no evidence to support

the hypothesis that the spectral types of these variables remain constant in

time. Kuhi (private communication) has noted marked changes in the spectra

of several T Tauri stars. Varsavsky found that the largest discrepancies

I generally occurred for those stars having the stron.gest emission line spectrum.

The strongest emission lines observed in T Tauri spectra are those of the

lBalmer serieg and Call, H and K. Of these, the B filter is highly transparent

i~.4
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T, to H 2 and HJ and less transparent to the remaining lines. Observations

with the V filter, however, are affected only slightly by the presence of

H0 and HP (The V filter transparency is 107. at HP and 57% at Hoc ) and not

at all by the remaining lines.

Smak (1964) has devised his own photometric system containing an

"1"emission free" color index, 1-V; then,9 filter combination is transparent

between H e and H? while V is the V magnitude of the UBV system. He has

evaluated the emission line effect by ccmparing the color indices B-V and

13-V for twenty-six T Tduri type stars in the Taurus dark cloud. T Tauri

stars are found to deviate from the standard B-V vs 1-V relationship for

normal main sequence stars by up to 0.5. Smak's method provides an Immedi-

ate answer to the question whether an emission line influence exists. An

exact evaluation cf the effect, however, is -ot possible, since many Fe!:

and Fell lines exist in the range in which the B filter is transparent.

This is especially true in the spectra of such advanced T Tauri stars as

RW Aur. Ideally, one wishes to determine the differente between the B-V

color of the continuum devoid of all emission lines, and the observed B-V

color.

4: In preparation for this work, the author obtained an extensive series

of plates from the Mount Wilson Observatory through the assistatce of

Dr. A. H. Joy. These included some of the objects for which he has pub-

lished :•pe.ctra (Joy (1945)). A prel!minary study of these plates indicated

that significant corrections to the measured colors for the presence of

emission are found for nearly all objects. It must be admitted that the

study of these older spe'trograms in which the calibration is to some

extent open to uncertaintiec must be accorded low weight even though the

effect seems to be too large to explain in this manner. One possibility to

explain the discrepancy ".s the presence of many faint and unresolved

emission lines, especially in the region ),4200-4400R,.
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II. lhethcd of Investigation

Low dispersion spectra (240f/tm) of two bright T Tauri. stars, T Tau and

RU Aur, were obtained with the 36-inch telescope of the Steward Observatory.

TFriu microdensitovieter tracings of these spectra two B-V were computed:

1) The color (13-V)c of the continuum devoid of emission lines.

T2) The color (B-V) cl of the continuum with the emission lhtes included.

The latter .zolor was compared with the photometric B-V color observed at the

time the spectra uere taken.

The reduction program is a laborious one principally because of problems

encountered in the photographic reductions.

A brief outline of the method employed to obtain true UBV magnitudes

follows:

"I$: 1. The basic format adopted involves the observations of (1) the

:5 program star, for erample T Tau; (2) an AOV" standard star, for

example <Lyr, which can be assum.ed as representative of the Code

(1960) standard energy distribution for an AOV star; (3) a star

of nearly the same spectral type as the program star, for example

"4 DI157214 (GOV). (4) a wavelength comparison, Fe for the wide

"-~ spectral sensitivity of the 103a-F plate (3500-680OR with the

Jteuard instruments); (5) a multi-step tungsten lamp comparison

spectrum is noimally placed on the plate at opposite sides of the

above spectra. In this program, however, this problem is circum-

vented by taking the spectrum of a Code standard, whose intensity

distribution is already known, through the step wedge.

S2. Simultaneous BV measures and spectra of the program T Tauri

objects were required, the former with the Kitt Peak 16-inch

telescope and the 21-inch telescope at the Catalina Station (Lunar

and Planetary Laboratory), the latter with the 36-inch telescope
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at the Kitt Peak Observing Station of the Steward Observatory.

3. The wavelength di:tribution of the fluy emitted by the Code standard

star at several intensity increments is used to obtain the character-

4. This information yields a set of corrections to be applied to the

observed stellar spectra to obtain absolute intensities zot both S

the continuum and emission features.

5. Those portions of the area under the stellar curve which fall within

" the BV passbands are numerically integrated u3ing the knowm t~ans-

mission functions for these passbands. Thus, one obcains "synthetic"

BV magnitudes for the -.tellar body after determination of the trans-

formation equation through use of the AOV star.

6. The measured BV magnitudes are then crmpared with those computed to

determine the effect of emission lines in altering the positions of

the objects in the color magnitude and two-color diagrams.

7. One can obtain an independent evaluation of the effect on the BV

T magnitudes frcm the emission lines by red-icing the observed line

intensities Wn the manner of step 5. If proper evaluation of each

3 T step in the: reduction has occurred, the line plus continuzu color

and the observed photometric color will, agree. this procedure,

therefore, provides a valuable crosscheck. The plate format is il-

"Alustrated in Fig. 1.
1he present method has the distinct advantage that it treats each emission

feature separately. The flux emitted by every resolva 'e feature is numerically j
integrated into the B-V color. 1here is no question that tt.. multitude of

:ti photographic corrections have beer, properly assessed. The method is accurate

enough to predict the B-V colors of standard stars to within + .016 p.e.

I'
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Table I demonstrates the ability of the program to predict the B-V colors of

standard stars. The third coluvn, following the name of the standard and

Steward Observatory plate number is the catalog value of the B-V color; the

fourth column lists the color computed from the reduced microdensitometer

tracing of the spectrum. The last column gives the difference of the two.

Simultaneous photometric colors of the T Tauri variables should agree with

those computed from the spectra. This provides a second test of the validity

of the spectroscopic method. Complications enter, however, because of the

extremely rapid variations in light cycle and continuum color coupled with

the long exposure times required to obtain a spectrum. During a single two

hour exposure the B-V coloi determined photometrically was found to vary by

up to 0P.10. The photographic process places severe limits on the technique.

Since the numbex of low excitation Fe, Ti, and Cr lines common to these spec-

tra increase toward th4e ultraviolet, the U-B color also needs to be corrected.
LA

The emission tracks in the tu;o color diagram are not really lines of constant

U-B but probably slope dourward and to the right. The correction to the U

magnitude simply cannot be done photographically.

III. Results

m're principal result of this work is that the computed emission line

'flux marks the true B-V color of T Tauri objects by up to 0.15. She para-

meter d, defined as che difference between the line free color, (B-V) , and

the color with line emiss-ion conz.1ttions included, (B-V) 1 varies between

O-.06 and O0.lS (mean = C.II) for RW Aur and between O.07 and 0.14 (mean = e.10)

for T Tau. Table 2 sunmarizes the results. The fourth and fifth columns

ii list the continuum and continuum + line colors respectively. Note the wild

variations of the emission line perameter,4, shown in column 6. If one were

to include the unresolved emissi.ýn lines in the B region the blueing effect

caused by the presence of line emission would be even more vivid. The. last>1
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Table 1 Computed and Observed Colors of Standard Stars

_ Obiect Plate No. Observed B-V Computed (B-V) (B-V)-(B-V

X :<Cet 23 -:-0.68 -:-0. 67 -:-0.01

-Eri 25 -:-0.89 -0.88 -:-0.01

A• Her A 26 -:-0.75 -:0. 74 .:-0. 01

-, Cep 26 -:0.92 -:-o.95 -0.03

13974 28 -0.61 "-0.65 -0.04

QCom 199 +0.57 -1-0.59 -0.02

610ygA 205 -:-I.19 +1. 20 -0.0i

6]CygA 207 -:41.19 -1.21 -0.02

16CygA 204 -0.64 :-0.61 -:0.03

16CygA 210 1-0.64 -0.61 +0.03

f Gem 237 -+-0.32 -:-0.29 -2-0.03

TGem 240 +0.32 -:-0.31 -0.01
Gem 242 -.-0.32 -:-0.29 +0.03

[-,
:I
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l column gives the results of the ph.toelectric photometry done concurrently

with the spectra. Uhile this is seen not to provide a strigent test of the

method the colors observed with the photometer do not conflict with thej computed colors including line emission. The photometric colors more nearly

approximate (B-V) than (B-V) as theory predicts.

I jThe problem of emission line identification is complicated by a number

of effects:

1) Extreme crowding of lines occurs in all active T Tauri spectra.

2) The ultraviolet and blue reglons of the spectra contain strong

emission continua.

3) It has been necessary to use low dispersion equipment in order to

limit exposure times on the 36-inch instrument to about three hours.

In spite of these complications 56 emission features are observed over

~ I the region of 103a-F plate transparency. Tio thirds of these features lie

between Call 11 and K and lip and arise from low levels of excitation in the

~j I metals. Neutral and singly ionized iron contribute a majority. Redder

continutu color seems to be associated with larger values of E . This is

shown in Fig. 2 where S is plotted as a function of (B-V) c lthe explanation

may be connected with the fact that most of the emission lines in T Tauri

spectra are located in the blue region. When the blue continuum becowes de-

pressed relative to the red some of the lines which were lost in the intense

continuum on previous spectrografas show up against the less dense background.

I ' An alternative explanation would require one to devise a special physical

I process in the atmosphere of T Tauri stars which produces greaLer emission ,

line flux at the same time the continuum flux diminishes in the blue. The

explanation that the effect is extrinsic seems much simpler. "Emission tracks"

drawn in the color magnitude and two colot diagrams vtvidly illustrate the

• magnitude of khe line emission correction. The shift toward the right in
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T the color magnitude diagram caused by remo,.!al of the emission lines doubles

the distances of these stars from the main sequence; this can be interpreted

to mean that these objects are as much as 207% younger than previously believed;

the corresponding change 4 log Te is .047 for T Tau, .068 for RW Aur. Figs.

3 and 4 show the emission tracks in the log L/Lo, log Te and UBV diagrams

after the removal of emission lines.

- The most recent spectral type assigned to both program stars is G5Ve

(Joy (1960)) but estimates have ranged from G2 to G8. Spectral classification

is extremely difficult in this class of variables for two reasons:

1) The absorption lines are obscured by numerous emission lines showing

complicated structure.

2) The absorption lines are wide and diffuse.

7he wide band photometry included in this work shows 0.50<B-V<0.60 for

RU Aur, 1.00<B-V<I.17 for T Tau. These correspond, respectively, to the

spectral type ranges P7 - GO and K3 - K5.

Space reddening affects the B-V continuum color but not the color deter-

mined from absorption spectra. This affords an approximate means of determin-

"ing the space reddening in the vicinity of these stars. Adopting the B-V

color corresponding to spectral type G5V one finds EB~v 0.46 for T Tau. The

space reddening is essentially zero in the vicinity of RW Aur. There is good

agreement with previous work on this problem. RM Aur has no surrounding

"obscuring nebula as do most other T Tauri stars. Space reddening in its

vicinity has long been suspected of being small. Previous estimates of

En.V = 0.30 have been given by Herbig (1962) for the Taurus dark cloud. A

"continuum classification type" can be obtained by covparing the wavelength

A• distribution of the continuum of the T Tauri star with that of a Code stan-

dard, provided the space reddening correction is applied. The continuum

spectral type for T Tau redeter~ined after correction for space reddening

IT
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falls in the range GO - KO. The effective surface temperatures corresponding

ti t to the range of types for each star are:

5300 - 76000 K for R! Aur (Spectral class mean at F8)If:5100 - 6300*K for I Tau. (Spectral class mean at G5)

Due to the detailed reduction procedure employed it is necessary to

• I sacrifice large numbers of informa :ion elements for the sake of high accuracy.

Smak (1964) in attempting to evaluate T Tauri line emission, made use of a

filter which is transparent to a region containing relatively few emission

lines (4300<0.<5100R). He is able to set up a relatively free color base,

13- V (the $ filter consists of 2=.EG12 -:- 2=. GG3 -- lImm. Corning 3387).

Smak's photometric method is extremely useful for compiling vast amozmts of
data. The low dispersion Steward spectrograms, however, reveal that more

Saan twenty strong emission features exist in the region ofR filter trans-

parency. Substi.tution of the filt3r for the wide ba2 B filter solves only

part of the problem. For Steward Observatory Plate No. 28 of RW Aur, the ratio

Sof emission line to continuum flux in the H passband is 267.. 7he same ratio

- in the-9 passband is 21%. Indeed no filter exists which is completely bliod

I "to line emission in these stars. A glance at any of Joy's early spectrograms

Sor Fig. 1 of this paper confirms the statement.

Smak's method of correcting for the emission lines is only partly effec-

, tive but it might be used as a means of deciding quite rapidly which T TauriV star colors are appreciably altered by the presence of emission lines in their

spectra.
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